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Abstract

Gene-based therapies offer the means to

address gene defects responsible for inherited

retinal disorders. A number of studies in

experimental and preclinical models have

demonstrated proof-of-principle that gene

replacement therapy can mediate significant

quantifiable improvements in ocular

morphology and visual function. The first

results of clinical trials of gene therapy for

early-onset severe retinal dystrophy caused by

defects in RPE65 show proof-of-concept for

efficacy and short-term safety in humans.

The challenges for gene therapy of conditions

caused by gain-of-abnormal function are

being addressed by strategies to knock

down expression of the disease allele.

Vector-mediated expression of neuroprotective

proteins may offer a generic approach for

preserving vision in single-gene and

multi-gene retinal degenerations. Gene

therapy is likely to be most successful where

stable expression of the therapeutic transgene

can be achieved at an appropriate level in

diseases in which retinal development is

unaffected and a significant number of target

cells survive at the point of intervention.
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Introduction

Inherited retinal degenerations resulting from

single-gene defects affect approximately one in

every 3000 individuals.1 The potential of gene

therapy for these conditions has benefited from

significant progress in the mapping and cloning

of retinal disease genes, of which more than

120 have been identified to date. Significant

success has been achieved by gene replacement

strategies in models of inherited retinal

degenerations caused by loss-of-function

mutations in genes encoding proteins that

mediate critical functions in photoreceptors or

retinal pigment epithelium cells. Strategies for

gene therapy of dominantly inherited disease,

typically the consequence of gain-of-abnormal

function mutations, are also being developed.

The principle of gene replacement therapy is

very simple: a gene defect causing lack of

function is corrected by providing a normal

copy of the gene to the relevant cells. The

normal gene is delivered into its target cells

using a vehicle or ‘vector’, which is typically a

virus that has been disabled such that it cannot

cause spreading of infection by replication. The

eye has unique advantages as a target organ for

in vivo gene therapy. Its compartmentalized

anatomy facilitates accurate local targeting of

vector with minimal risk of systemic effects.

Intraocular tissues comprise small but stable

populations of cells and may be transduced

efficiently and stably by small volumes of vector

suspension. Immune responses following

intraocular administration of vectors are

generally attenuated compared with those

following systemic administration, and the

eye’s unique optical transparency enables

non-invasive phenotypic investigation of gene

expression and therapeutic effects in vivo.

Both viral and non-viral vector systems for

gene transfer to ocular tissues have been

extensively evaluated. The efficiency and

duration of expression of non-viral vectors,

which can transduce a wide range of ocular cell

types, can be improved considerably by

electrotransfer and iontophoresis.2,3 Adenoviral

vectors efficiently target cells of the outer

retina4,5 but their duration of expression is

limited by immune responses to the vector.6

Newer, helper-dependent Ad vectors may

mediate longer-term expression.7

Recombinant adeno-associated virus (rAAV)

vectors offer a range of candidates for retinal
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gene transfer with contrasting tissue tropisms and

expression kinetics.8–14 In large animal models, rAAV

vectors mediate stable expression in the retina, which is

maintained for several years.11,15 Transgene expression

that is sustained in the long term is a highly attractive

feature, offering the means to target many life-long

retinal disorders after a single administration of vector.

The tissue specificity and expression kinetics of rAAV

vectors are highly dependent on the vector serotype as

well as the anatomical compartment of delivery within

the globe. The development of hybrid ‘pseudotyped’

rAAV vectors, in which an rAAV plasmid is packaged

within a capsid derived from AAV of a different serotype,

has considerably expanded the available repertoire of

AAV vectors. rAAV-2/2 (rAAV-2 plasmid packaged in

rAAV-2 capsid) mediated expression is typically of

delayed onset, gradually increasing in efficiency to reach

stable levels of expression after 2–4 months. In contrast,

rAAV-2/1, AAV-2/5, and AAV-5/5 vectors mediate gene

expression of rapid onset, with evidence of expression as

early as 3–4 days after vector delivery. Although

AAV-2/2 and AAV-2/5 transduce both photoreceptors

and RPE cells, AAV-2/4 and AAV-4/4 mediate

expression that is restricted to the RPE.11 AAV-5

pseudotyped vectors mediate successful gene

replacement in rodent and large animal models of

inherited retinal degenerations.16,17 The range of

pseudotyped rAAV vectors offers an array of candidates,

from which an appropriate vector might be selected

according to a desired expression profile. Traditionally

considered to be limited by a relatively small packaging

capacity, the possibility that the rAAV2/5 capsid can

incorporate up to 8.9 kb of genome greatly expands the

therapeutic potential of this vector system to include

applications such as Stargardt’s disease and Usher’s

syndrome.18

Lentivirus-based vectors are attractive candidates for

ocular gene transfer because of their large genomic

capacity and their ability to stably transduce

non-dividing cell populations. Lentiviral vectors

mediate efficient sustained expression in the retinal

pigment epithelium, and variable expression in

photoreceptors.19–22 Lentivirus-mediated transduction of

photoreceptor cells is less predictable than transduction

of RPE cells, but is reported to occur under certain

circumstances depending on retinal maturity, the

promoter sequence used, and anatomical barriers.

Photoreceptor transduction is evident after subretinal

vector delivery in neonatal rodents when driven by a

rhodopsin promoter, but the efficiency of photoreceptor

transduction in adults is relatively low.23 The efficiency of

photoreceptor cell transduction in adults can be

improved by local retinal trauma and by enzymatic

disruption of the inter-photoreceptor matrix, suggesting

that anatomical barriers to tissue penetration by vector

particles may be a limiting factor.23,24

In addition to efficiency and non-immunogenicity, the

ideal choice of vector for a given ocular application is

dependent on its genomic capacity, its natural tropisms

for the target cells’ tissues, and its time courses of

expression. As ocular tissues are highly

compartmentalized, the pattern of tissue transfection by

a given vector is also dependent on its site of intraocular

administration. The delivery of rAAV vectors into the

subretinal space, for example, results in the transduction

of photoreceptors and retinal pigment epithelial cells,

whereas injection of the same vector into the vitreous

targets only ganglion cells in the inner retina, at least in

the fully developed retina.5

Gene therapy for photoreceptor-based loss-of-function

defects

Considerable progress has been made in the development

of gene replacement therapies for retinal degenerations

resulting from gene defects in photoreceptor cells.

rAAV-mediated gene replacement of peripherin, a

structural protein critical for stability of discs in the

photoreceptor outer segment, results in restoration of retinal

ultrastructure and function in the rds mouse.25 Improved

function in this model is not sustained in the long term,

however, possibly because the intervention does not

slow the rate of progressive photoreceptor apoptosis.26

rAAV-mediated gene replacement of retinitis pigmentosa

GTPase regulator interacting protein, which is involved in

protein trafficking along the photoreceptor-connecting

cilium, restores normal protein localization and preserves

retinal function.27 In a model of X-linked retinoschisis,

AAV-mediated expression of retinoschisin in photoreceptors

results in structural and functional improvements that are

maintained for longer than 1 year.17,28,29 In a model of

autosomal recessive Stargardt’s disease, lentivirus-mediated

expression of ABCA4 results in reduced accumulation of

A2E in the retinal pigment epithelium,22 despite relatively

inefficient transduction photoreceptors, suggesting that

Stargardt’s disease may be amenable to gene therapy.

Finally, in a model of achromatopsia, cone-targeted

rAAV-mediated gene replacement of cone-specific alpha

transducin subunit (Gnat2) can improve cone function and

visual acuity.30

Gene therapy for RPE-based loss-of-function defects

The RPE is particularly amenable to efficient

transduction by vectors delivered to the subretinal space

by virtue of its monolayer structure and natural

phagocytic function. In a model of recessive retinitis

pigmentosa, gene replacement of the receptor tyrosine
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kinase MerTK improves the phagocytic defect and

preserves retinal function.31,32 In a model of ocular

albinism, gene replacement of OA1, which is responsible

for organizing melanosomes in the RPE, results in

improved retinal function as shown by

electroretinography. This suggests that gene therapy may

be effective even in conditions in which there is

dominant developmental abnormality.33 In a model of

Usher 1B, lentivirus-mediated expression of the myosin

VIIa gene MYO7A can restore the normal apical location

of melanosomes in RPE cells, and correct the abnormal

accumulation of opsin in the photoreceptor-connecting

cilium, suggesting that gene replacement strategy for

Usher 1B therapy is feasible.

Defects in the gene RPE65, which encodes a retinal

isomerase responsible for regenerating visual pigment

after exposure to light, typically cause early-onset severe

retinal dystrophy with impaired vision from birth and a

progressive degeneration that leads to complete

blindness in early adulthood. There is no known

treatment, but as retinal structure in this condition is

relatively well preserved despite poor function, gene

transfer offers the possibility of an improvement in vision

that is measurable within the short term. Restoration of

visual cycling may be detected non-invasively by

increased fundus autofluorescence, which is typically

low or absent in affected individuals.34 Proof-of-principle

that AAV-mediated gene replacement therapy can stably

improve retinal function has been demonstrated in the

Swedish Briard dog, which is homozygous for a null

mutation in RPE65.11,16,35,36

The first clinical trial of gene therapy for defect RPE65

began in February 2007 at the UCL Institute of

Ophthalmology and Moorfields Eye Hospital London

(NCT00643747). Two further trials started later the same

year at the Children’s Hospital of Philadelphia

(NCT00516477) and at the University of Pennsylvania

(NCT00481546). Each trial investigated the safety and

efficacy of gene replacement therapy in three adults with

advanced disease caused by defects in RPE65, and

involved subretinal injection of rAAV vector expressing

human RPE65. The first results show that the technique

is feasible, can be safe in the short term and can lead to

improvement in visual function within a period of

months, even at a relatively advanced stage of the

disease.37–40

Subretinal injection of vector was achieved in all

subjects. There were no significant intra-operative

complications, and all induced detachments resolved

spontaneously within 24 h. The vector was delivered to

the submacular space in six of the nine subjects. The

post-operative development of a macular hole after

submacular delivery in one subject was not considered

clinically significant because the pre-existing visual

acuity was very low,38 but would be relevant in subjects

with better baseline function and illustrates the risks of

surgery involving atrophic retina. Foveal thinning was

apparent on ocular coherence tomography in one

subject,40 but despite temporary retinal detachment

visual function recovered to pre-operative levels in all

subjects. There were no significant intraocular

inflammatory responses to vector injection. The

long-term ocular and systemic safety of the procedure

will be known only after further follow-up.

All the three groups reported improvements in aspects

of visual function. The London group found no change in

visual acuity but measured a progressive improvement

in retinal sensitivity in one of the three subjects that was

statistically significant and associated with an

improvement in visually guided mobility in dim light.

The Philadelphia group reported improvements in visual

acuity and visual fields in all the three subjects and

improvement in navigational testing. The Pennsylvania

study found no change in visual acuity but measured an

increased extent and sensitivity of daylight fields, and

locally improved function of both rod and cone

photoreceptors that was proportional to the number of

surviving photoreceptors estimated by outer retinal

thickness on ocular coherence tomography.

Both the US groups reported objective evidence of

improved retinal function by pupillometry. Although

there was no reported improvement on

electroretinography in any of their subjects, this

technique is relatively insensitive and even an absent

response does not exclude useful visual function. The

demonstration of improved retinal responses in these

adult subjects by pupillometry, but not by

electroretinography, suggests that the extent of the effect

of gene therapy at this level of degeneration is relatively

modest. The duration for which visual improvement is

maintained in these subjects, and the extent to which

further retinal degeneration is slowed, will become

apparent only after several years.

Although the protocols of the three trials share

common features, the differences in study protocol

between these trials in terms of inclusion criteria, vector

titre and volume, and promoter sequence are expected to

yield complementary data that will help to inform the

development of optimal vector design and timing of

delivery.

Preclinical work suggests that gene replacement

therapy for RPE65 is most likely to be effective in affected

individuals at an early age as younger subjects have less

advanced retinal degeneration. The effect of gene

replacement therapy on visual acuity might also be

influenced by pre-existing ambylopia resulting from

stimulus deprivation during early childhood in affected

individuals. It seems likely that the optimal timing of
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intervention will be at a point during the critical sensitive

period of visual development. Now that the first phases

of the clinical trials have shown the feasibility and

short-term safety of subretinal vector delivery in adults

with relatively advanced disease, younger subjects with

better baseline visual function are being included. This

next phase of the trials will help define a window of

opportunity for the most favourable timing of

intervention.

Gene therapy for gene defects causing

gain-of-abnormal function

The expression of mutant genes causing dominantly

inherited retinal degenerations may be suppressed by

ribozyme-based strategies or RNA interference.

Ribozyme-based strategies specifically cleave mutant

mRNAs while sparing the wild-type molecule. The

development of an individualized ribozyme for each

mutation may not be feasible for heterogenous diseases

such as retinitis pigmentosa; over 100 different mutations

have been described for the rhodopsin gene alone

(www.sph.uth.tmc.edu/RetNet/disease.htm;

www.retinainternational.org/sci-news/rhomut.htm).

An alternative approach, however, may be to use a

non-specific ribozyme that cleaves all the rhodopsin

mRNAs (including wild-type as well as mutant

rhodopsin mRNAs) by targeting a commonly accessible

site, in combination with gene replacement of a wild-type

rhodopsin designed to be resistant to the ribozyme.41

More recently, the potential of RNA interference (RNAi)

for silencing expression of mutant genes has attracted

wide interest as an alternative strategy for the treatment

of dominantly inherited disorders.42 An important

challenge for RNAi-based therapy is the development of

an effective means of delivering short interfering RNAs

to the target cell population. Maintaining therapeutic

levels in the eye is likely to require either repeated

administration of synthetic short interfering RNAs or

vector-mediated expression of short hairpin RNAs.

Further concerns that will need to be addressed include

the possibilities of off-target non-specific responses and

of a significant interferon response in vivo.

Generic gene therapy strategies

Although gene replacement and gene silencing strategies

offer exciting prospects for the treatment of specific

inherited retinal disorders, other disorders may be less

amenable to these corrective approaches. These

conditions include, in particular, those associated with

abnormal retinal development and those in which retinal

degeneration is advanced at birth. Furthermore, the

development of individualized corrective gene therapy

strategies for patients with disorders due to very rare

mutations may be unfeasible. However, generic gene

therapy strategies that aim not to correct the gene defect

but to ameliorate its consequences offer the possibility of

therapies that are widely applicable across a range of

conditions. These approaches include the local

expression of neurotrophic and anti-apoptotic proteins

with the aim of promoting cell survival. rAAV-mediated

gene delivery of neurotrophic factors is reported to

prolong photoreceptor survival in experimental

models of retinal degeneration. Such factors include

fibroblast-growth factor (FGF), ciliary neurotrophic factor

(CNTF) and glial-derived neurotrophic factor (GDNF).

Vector-mediated CNTF-induced preservation of

photoreceptors, however, appears to be associated with a

paradoxical adverse effect on electroretinographic

responses, an effect that may be a result of photoreceptor

de-differentiation.43 The dose dependence and potential

reversibility of this effect, and its implications for visual

function in the long term are yet to be defined. In

contrast, GDNF-induced rescue is accompanied by a

significant improvement in retinal function.44

Furthermore, expression of GDNF in combination with

gene replacement therapy augments the morphological

and functional improvement mediated by gene

replacement alone.44

Challenges for gene therapy of inherited retinal disease

Gene therapy is likely to be most successful when stable

expression of the therapeutic transgene can be achieved

at an appropriate level in diseases in which retinal

development is unaffected and significant numbers of

target cells survive at the point of intervention. In

considering which conditions might be most amenable, a

detailed understanding of their molecular and cellular

pathology will be critical, including the relevance of

developmental abnormalities and ambylopia.

Data from the clinical trials show that exposure of even

a very small area of retina to vector can improve its

function locally. It is not known at present whether there

is any effect on the rate of retinal degeneration, nor

whether transduction of a critical proportion of the retina

is required to achieve this. Although preclinical studies

suggest that long-term expression can be achieved by a

single local administration of vector, the duration of

expression in the human eye will not be known for many

years. If the duration of expression is limited, further

studies will be required to investigate the safety and

efficacy of repeated administration.

The choice of specific retinal degenerations to be

investigated in future clinical trials of gene therapy will

be influenced by a number of considerations. These

include the availability of relevant animal models for
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preclinical development, the disease prevalence, and the

development of screening strategies to identify subjects

for inclusion. Conditions in which gene therapy has the

potential to improve visual function offer the prospect of

a relatively rapid outcome, whereas those in which a

progressive degeneration is delayed may require

long-term assessment before a treatment effect can be

expected. The potential to target certain conditions is

currently limited by the capacity of available vector

systems to package genomes. Although large genes can

be delivered efficiently to the RPE using lentiviral

vectors, delivery of large genes (such as ABCA4 in

Stargardt’s disease) to photoreceptor cells is more

difficult to achieve. Recent progress suggests that this

challenge can be addressed by improvements in the

capacity of rAAV vectors18 or in photoreceptor targeting

by lentiviral vectors.22

Although it is important that results of the first clinical

trials are interpreted in an appropriately balanced

fashion without raising expectations disproportionately,

the first findings certainly offer hope to many thousands

of individuals with inherited blindness for which no

treatment is currently available.
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